Mineral inclusions in diamonds provide an important source of information about the composition of the continental lithosphere at depths exceeding 120 -150 km, i.e., within the diamond stability field. Fossilized high pressures in coesite inclusions from a Venezuela diamond have been identified and measured by using laser Raman and synchrotron x-ray microanalytical techniques. MicroRaman measurements on an intact inclusion of remnant vibrational band shifts give a high confining pressure of 3.62 (؎0.18) GPa. Synchrotron single-crystal diffraction measurements of the volume compression are in accord with the Raman results and also revealed direct structural information on the state of the inclusion. In contrast to olivine and garnet inclusions, the thermoelasticity of coesite favors accurate identification of pressure preservation. Owing to the unique combination of physical properties of coesite and diamond, this ''coesite-in-diamond'' geobarometer is virtually independent of temperature, allowing an estimation of the initial pressure of Venezuela diamond formation of 5.5 (؎0.5) GPa.
S
pecimens of Earth materials from great depths often contain mineralogical or textural clues, such as metastable highpressure polymorphs or characteristic mineral assemblages implicating their high-pressure genealogy (1) (2) (3) . The actual pressure, however, is seldom preserved and observed. For such observations, the sample must be retained in a strong container with appropriate relative thermoelastic properties, and nondestructive analytical techniques must be developed to probe the fossilized pressure condition in situ in the container. Diamond is the strongest possible container. Infrared absorption spectroscopy has been used as the probe for fluid inclusions in diamond (4) , and high residual pressures have been reported on the basis of infrared spectra of quartz and CO 2 inclusions in the material (5, 6) . In these studies, bulk spectra of diamond and numerous microscopic inclusions were measured; pressures and phases of different inclusions were not determined individually. Herein, we present direct measurements of pressures up to 3.6 GPa in individual coesite inclusions in diamond, a thermoelastic couple most favorable for pressure preservation. We use micro-Ramanand micro-single-crystal x-ray diffraction techniques to probe the pressure of each inclusion separately and precisely. Application to coesite inclusions in diamond from Venezuela provides a determination of the pressure-temperature (P-T) conditions of its formation.
Diamond and its inclusions contain rich information about the petrogenesis and geochemistry of the Earth's deep interior (7, 8) . Although coesite-and diamond-bearing rocks (9-12) undoubtedly have a high-pressure origin, individually, coesite and diamond cover a wide P-T domain of stability (13, 14) that precludes their use as a precise and accurate geobarometer, because they give only a lower bound on the pressure of formation. In many cases, much higher pressures are suggested (15) based on mineral equilibria data, including SiO 2 solubility in garnets (16) or K 2 O solubility in clinopyroxenes (17) . Such compositional geobarometers, however, depend on experimental calibrations that have been limited to simple systems quite different from natural compositions. Coelastic mechanical couples of inclusions in diamond provide a way to pinpoint the pressure along the P-T path of the rock. Owing to its very high bulk and shear moduli (K and , respectively), diamond can preserve compressed mineral inclusions at an effective pressure up to several gigapascals without plastic deformation. The preserved pressure depends on the difference in compressibility and expansivity of the host diamond relative to the inclusion. Many minerals found as inclusions in diamonds exhibit thermoelasticity that preserves either no pressure (e.g., garnet; refs. 18 and 19) or low pressure (e.g., olivine; ref. 19 ) after the diamond has been transported to the Earth's surface. The coesite-in-diamond couple has many unique advantages. The high compressibility and low thermal expansivity of coesite provide the opportunity to preserve the maximum pressure with little dependence on the trapping temperature. The compositional simplicity of coesite avoids the problems of chemical variability in olivine, garnet, and fluid inclusions, because the measured properties (i.e., vibrational bands or lattice parameters) shift with composition as well as pressure.
Two separate coesite inclusions, a small (60-m) triangular single crystal and a larger (200-m) one, were singled out in a 2-mm diamond crystal from Venezuela for microanalyses (Fig.  1) . No cracks or other evidence of plastic deformation, other than strong tangential tension, were detected in the diamond adjacent to the small inclusion, indicating nearly perfect preservation of the enclosure condition. Conversely, small cracks and strongly deformed regions in the diamond adjacent to the large inclusion indicate possible loss of pressure. In contrast to many previous determinations, the host diamond above the inclusion was not removed by polishing to bring the coesite grains to the surface; rather, the inclusions were analyzed in situ, deep inside the host diamond for maximum protection of any fossilized pressure. The nondestructive micro-Raman spectroscopy and microcrystal x-ray diffraction probes provide excellent spatial (Ϯ2-m) and pressure (Ϯ0.1-GPa) resolution. Both Raman and x-ray results reveal ultrahigh fossilized pressures of the two inclusions.
Micro-Raman spectroscopy has been used widely for inclusion identification and often yields decisive information on the nature of the inclusion and the mineral species (18) (19) (20) (21) . Some typical mineral inclusions in diamonds such as olivine and garnet exhibit Raman shifts indicating their compressed state (18, 19) . Notably, some of the first micro-Raman studies of solid inclusions were carried out on coesite (e.g., refs. 21 and 22), but evidence for confining pressure was not reported. Both practically and conceptually, the technique parallels the micro-Raman method developed for studying Earth and planetary materials in highAbbreviation: P-T, pressure-temperature. ‡ To whom reprint requests should be addressed. E-mail: mao@gl.ciw.edu.
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.220408697. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.220408697 pressure diamond cells (23) (24) (25) (26) ; both techniques use microscope objectives to focus the excitation laser to micrometer-sized beam waists and to collect Raman signals with confocal or crossline optics from three-dimensional micrometer-sized volumes of samples encapsulated in millimeter-thick diamonds. The pressure dependence of the Raman spectrum of coesite has been measured up to 40 GPa in diamond cells (27) . The most intense band at 521 cm Ϫ1 has a strong, characteristic pressure shift of 2.9 (Ϯ0.1) cm Ϫ1 ͞GPa. This band is used for pressure measurements in the present study. Raman spectra (Fig. 2 ) obtained from seven different points of the small coesite inclusion gave a uniform Raman shift of the 521-cm Ϫ1 band, ⌬ ϭ 10.5 (Ϯ0.5) cm
Ϫ1
, which corresponds to 3.62 (Ϯ0.18) GPa. Likewise, 12 different points of the large coesite inclusion gave a uniform Raman shift of ⌬ ϭ 8.0 (Ϯ0.5) cm Ϫ1 or 2.76 (Ϯ0.18) GPa. Micro-single-crystal x-ray diffraction of the inclusions provides detailed structural and strain information on the state of the inclusion (Fig. 3 ). The energy dispersive single-crystal technique was developed originally at the beamline X17C of the National Synchrotron Light Source for high-pressure diamondcell investigations. The technique has been used for studying 10-m-sized single crystals of hydrogen at high pressure (28, 29) , 220-nm-diameter single-crystal fiber in glass capillaries (30) , and submicrometer-thick magnetite lamellae in olivine phenocrysts from ultrahigh-pressure rocks (31) . It was used in the present work for studying the same two coesite inclusions in diamond (Fig. 1) . The coesite diffraction peaks are sharp (Fig. 3) , and rocking curves are tight (e.g., 0.5°for the 130 diffraction), indicating homogeneously strained single crystals. The orientation matrices of the two coesite inclusions were determined separately and found to be unrelated to each other or to the host diamond. Measurements of 56 diffraction peaks of the small coesite single crystal give the lattice parameters a ϭ 7. Pressures from the x-ray and Raman measurements are in good agreement. The lower value of 2.76 (Ϯ0.18) GPa for the large inclusion indicates a partial leak as evident from small cracks in the diamond container. The fully preserved inclusion pressure (P i ) is taken to be 3.62 (Ϯ0.18) GPa from the small inclusion. This pressure reflects the originally higher pressure (P t ) and temperature (T t ) conditions under which the inclusions were trapped, with the volume of the inclusion V i (P t ,T t ) equal to the volume of the hole in the diamond V d (P t ,T t ). The latter is confirmed by the crystal faces of coesite inclusions, which are parallel to the faces of the host diamond. These are typical features of negative crystals and confirm the syngenetic nature of the coesite inclusions (11) . Subsequently, the pressure readjusted from P t to P i as the diamond was brought to ambient conditions. This change in the inclusion-container system is readily determined from the thermoelastic properties of coesite and diamond and may be divided into two steps (see Table 1 ): (i) isothermal decompression at constant temperature, T t , and (ii) temperature decrease from T t to 298 K at constant external pressure (P o ϭ 0.1 MPa). Retracing these two steps brings us from the present interior inclusion pressure of P i at T o ϭ 298 K back to the original equilibrium pressure of P t at T t . The isothermal decompression consists of two terms. The first term simply results from the compressional volume difference between the diamond and coesite: V(P t ) ϭ V d (P t ) Ϫ V c (P t ), i.e., considering the diamond and its hole to be decompressed uniformly to P 0 . This analysis gives P t0 ϭ 5.0 GPa as a ''zero approximation.'' The second term corresponds to nonuniform elastic deformation in the diamond under the internal inclusion Fig. 1 ). The pressure was determined from the shift of the 521-cm Ϫ1 peak according to ϭ 520.6 ϩ 2.9(1) * P (GPa) (27) .
pressure P i and external pressure P 0 . From elasticity theory, this term can be expressed to a first approximation as 3͞4[(P i Ϫ P o )͞ d ] (compare ref. 19 ) and increases pressure by 0.8 GPa. The net result of the isothermal decompression gives P t ϭ 5.8 GPa. Correction for the small thermal expansivity difference between coesite and diamond (0.3 GPa) decreases P t to 5.5 GPa. It is interesting to note that, as opposed to other minerals such as olivine or garnet, the thermal expansivity of coesite is even smaller than that of diamond, which results in some additional compression of the inclusion in diamond on cooling at constant pressure. Summarizing all errors (e.g., the present measurements and thermoelastic parameters), the resulting uncertainty in P t is estimated to be Ϯ 0.5 GPa.
The general range of equilibration temperatures is rather broad for 33 garnet ϩ pyroxene pairs of inclusions: 1,000-1,300°C with an average of about 1200°C (34) . Among them are five diamonds each containing garnet, pyroxene, and coesite as a set of multiple inclusions. Use of the Fe-Mg exchange equilibrium thermometer (35) gives a similar temperature range: 1,130-1,300°C with an average of about 1210°C. The differences in estimated solubility limit of K in clinopyroxenes included in diamonds from different occurrences may also correlate with different pressure͞depth for diamond formation. The pressure of 5.5 GPa for coesite-bearing Venezuela diamond is consistent with the high estimate solubility limit of K in clinopyroxenes from diamonds of this occurrence (34) .
Beginning with the first identification of a coesite eclogite assemblage represented by the set of coesite, garnet, and omphacite multiple inclusions in two Yakutian diamonds (36) , the number of documented coesite-bearing diamonds from different occurrences is continuously increasing and reached about 150 samples at the end of 1999 (37) (38) (39) (40) . SiO 2 closely associated with magnesiowüstite was identified by Harte et al. (41) and postulated to be of lower mantle origin. However, no information is available in regard to the phase represented by SiO 2 (quartz, coesite, or stishovite). Despite this uncertainty, this finding of SiO 2 looks very promising and requires detailed characterization of this unusual suite of diamonds for the purpose of applying the independent coesite-in-diamond barometer. Raman shift measurements for probable coesite may provide a wider pressure range up to the coesite-stishovite equilibrium boundary (see Fig.  4 ). The Argyle mine E type diamond inclusions are other good candidates to have been formed within the range of pressures higher than those found for most peridotitic inclusions. The abundance of coesite-bearing diamonds (about 20%), high equilibration T, high K in clinopyroxenes, and Na in garnets (42, 43) allow the prediction of higher initial pressure of Argyle diamond formation compared with Venezuela.
The estimate of 5.5 GPa and Ϸ1,200°C was obtained for the crystallization of the Venezuelan diamond plots in the diamond stability field, close to the diamond-graphite equilibrium bound- ary. This point for an eclogitic diamond is close to P-T estimates obtained for a variety of peridotitic inclusion assemblages and diamond-bearing peridotite xenoliths (Fig. 4) . Methods used to estimate crystallization pressures of peridotitic diamonds include application of the Al-enstatite barometer (e.g., ref. 44) as well as the compression of olivine inclusions (19) . The relative paucity of majorite-bearing and of other ultradeep diamonds as well as the data in Fig. 4 suggest that most macrodiamonds have originated in a depth zone that is within a GPa of the diamondgraphite stability boundary. The pressure of the diamond stability boundary in Archaean cratons, the sources of most diamonds, is near 4.5 GPa (140 km) as defined by the intersection of the diamond-graphite curve with the cratonic geotherm. Both macrocrystalline diamonds and graphite are largely restricted to lithosphere within or peripheral to cratons for reasons that are not understood at present (45) . The occurrence of diamond at depth in cratons, however, tends to be limited by the presence of nondiamondiferous high-temperature peridotites that are enriched in Fe and Ti and that have asthenospheric trace element signatures. These compositions may limit diamond crystallization, because they are more oxidized than overlying lithosphere (46) . Equilibration pressures estimated for high-temperature peridotites are of the order of 6 GPa (190 km). The interval between 4.5 and 6 GPa has been termed the ''diamond window'' (47) for prospecting purposes and seems to be reflected in the concentration of P-T points shown in Fig. 4 .
Nucleation effects may also have operated in the crystallization of natural macrodiamonds and may be an additional cause of the cluster of points in Fig. 4 . Syntheses of coarse diamonds (Ͼ3 mm) are commonly carried out by relatively slow growth of seeds at pressures within a few tenths of a gigapascal of the diamond stability boundary. Experiments at greater pressures produce rapid nucleation and growth of large numbers of smaller diamonds (48) . A majority of natural microdiamonds might thus have a deeper origin, where relatively abundant nuclei have formed and depleted the carbon reservoir.
In conclusion, the combination of laser Raman and synchrotron x-ray microanalytical techniques has allowed the unambiguous identification of high fossilized pressure in individual inclusions of mantle samples recovered at the Earth's surface. Moreover, the fossilized pressure of the inclusion and the thermoelasticity of the host-inclusion couple provide a highly accurate barometer. The ability to use the compression of coesite inclusions to estimate the pressure of crystallization of diamonds of eclogitic paragenesis fills a long-standing need and forms an important complement to the barometers that have been used for peridotitic diamonds. Significantly, coesite inclusions have been identified in more than 15 different diamond localities (49) , and coesite eclogite paragenesis is confirmed to be a significant inclusion suite in diamond. It is likely that careful studies will result in coesite inclusion detection in at least some diamonds from any given kimberlite or lamproite occurrence (12, 37, 49, 50) . The Mir pipe in Yakutia may be considered an instructive example. Despite the minor relative proportion of diamonds containing eclogitic inclusions for this pipe (1-10% by different estimations), five diamonds in total containing coesite have been documented among 70 diamonds with inclusions of eclogitic minerals that have been studied (39, 49) . Thus, coesite inclusions in diamonds should not be considered very rare and thus may be useful as a geobarometer for diamonds from occurrences worldwide. (23) . The graphite-diamond boundary (G͞D) is from Kennedy and Kennedy (14) . The coesite-stishovite boundary (C͞S) is from Zhang et al. (58) .
